The emission and excitation spectra of cis- [Cr(cyclam) (NCS)2]NCS (cyclam = 1,4,8,11-tetraazacyclotetradecane) taken at 77 K are reported. The infrared and visible spectra at room temperature are also measured. The vibrational intervals due to the electronic ground state are extracted from the far-infrared and emission spectra. The ten pure electronic origins due to spin-allowed and spin-forbidden transitions are assigned by analyzing the absorption and excitation spectra. Using the observed transitions, a ligand field analysis has been performed to determine the bonding properties of the coordinated ligands in the title chromium(III) complex. According to the results, it is found that nitrogen atoms of the cyclam ligand have a strong σ -donor character, while the NCS ligand has medium σ -and π -donor properties toward chromium(III) ion.
Introduction
In the past several years, the preparation, 1,2 kinetics, 3 photochemistry, 4,5 photophysics 6,7 and structural analysis [8] [9] [10] of the cis-diacidochromium(III) complexes containing the tetradentate marcrocyclic ligand cyclam (1,4,8,11-tetraazacyclotetradecane) have been studied extensively. We also have described the vibrational and electronic energy levels based on the emission, far-infrared and electronic spectroscopy. [11] [12] [13] [14] [15] [16] [17] [18] The application of electronic spectroscopy to chromium(III) complexes promises to provide information concerning metal-ligand bonding properties as well as molecular geometry. 1, 2 With the use of excitation or absorption spectroscopy the narrow intraconfigurational transitions due to the spin-forbidden in chromium(III) system can be located with a precision two orders of magnitude greater than can the broad spin-allowed bands. Especially, the splittings of sharp-line electronic transitions are very sensitive to the exact bond angles around the metal. Thus it is possible to extract structural information from the electronic spectroscopy without a full X-ray structure determination. 19, 20 The NCS group may coordinate to a transition metal through the nitrogen or the sulfur or both. In general, Cr, Ni and Co metals tend to form M-N bonds, where as metals of the second transition series, such as Rh, Pd and Ir tend to form M-S bonds. 21 However, the oxidation state of the metal, the nature of other ligands in a complex and steric factor also influence the mode of coordination. When the isothiocyanato group coordinates to a chromium(III) ion, it is found that the Cr-N-C and N-C-S angles fall in the range 172. In this work the 77 K emission and excitation spectra, and the room temperature infrared and visible spectra of cis-[Cr(cyclam)(NCS) 2 ](NCS) have been measured. The vibrational intervals of the electronic ground state were determined from the far-infrared and emission spectra. The pure electronic origins were assigned by analyzing the absorption and excitation spectra. With the electronic transitions, a ligand field analysis was performed to determine the metal-ligand bonding properties for the coordinated atoms of isothiocyanato and cyclam ligands toward chromium(III) ion.
Experimental Section
The free ligand cyclam was purchased from Strem Chemicals. All chemicals were reagent grade materials and used without further purification. The cis-[Cr(cyclam)(NCS)2] (NCS) was prepared as described in the literature. 1 The far-infrared spectrum in the region 600-50 cm −1 was recorded with a Bruker 113v spectrometer on a microcrystalline sample pressed into a polyethylene pellet. The mid-infrared spectrum was obtained with a Mattson Infinities series FT-IR spectrometer using a KBr pellet. The roomtemperature visible absorption spectrum was recorded with a HP 8453 diode array spectrophotometer. The emission and excitation spectra at 77 K were measured on a Spex Fluorolog-2 spectrofluorometer. The Nitrogen Dewar accessory was used for the low-temperature scan.
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Results and Discussion Absorption Spectrum. [23] [24] [25] The quartet bands have nearly symmetric profiles. In order to have some point of reference for the splittings of the two bands, we have fit the band profiles to four Gaussian curves, as seen in Figure 1 . The contribution from outside bands was corrected for fine deconvolution. A deconvolution procedure 26 T1g, respectively. These resolved peak positions were used as the observed spin-allowed transition energies in the ligand field optimization. In fact, using just one Gaussian curve instead of two yields a least squares error only four times that of the best fit (dotted line) shown in Figure 1 .
Infrared Spectra. The infrared spectroscopy is useful in assigning configuration of cis and trans isomers of cyclam chromium(III) complexes. It is well known that cis isomer exhibits at least three bands in the 890-830 cm −1 region due to the N-H wagging modes while the methylene vibration split into two peaks in the 830-790 cm −1 region. 1 However, trans isomer shows two groups of bands, a doublet near 890 cm −1 arising from the secondary amine vibration and only one band near 810 cm −1 due mainly to the methylene vibration. 2, 21 The present complex exhibits three bands at 892, 861 and 850 in the N-H wagging frequency region. Two CH 2 rocking bands at 797 and 808 cm −1 are also observed.
These vibrational modes are not affected by differing counteranions. The infrared spectrum of the title complex was clearly consistent with the cis configuration. Metal-ligand stretching bands occur in the far infrared range. The far-infrared spectrum of cis-[Cr(cyclam)(NCS) 2 ] (NCS) recorded at room temperature are presented in Figure 2 .
The peaks in the range 471-408 cm −1 can be assigned to the Cr-N (cyclam) stretching mode. 11, 21 A number of absorption bands below 399 cm −1 arise from lattice vibration, skeletal bending and the Cr-NCS stretching modes. Emission Spectrum. An experimental problem lies with the difficulty in distinguishing pure electronic components from the vibronic bands that also appear in the excitation spectrum. It is required that the vibrational intervals of the electronic ground state be obtained by comparing the emission spectrum with far-infrared spectral data. The 19920 cm −1 (502 nm) excited 77 K emission spectrum of cis- Figure 3 . The band positions relative to the lowest zero phonon line, R 1 , with corresponding infrared frequencies, are listed in Table 1 . The emission spectrum was independent of the exciting wavelength within the first spin-allowed transition region.
The strongest peak at 13589 cm −1 is assigned as the zerophonon line, R 1 , because a corresponding strong peak is found at 13602 cm −1 in the excitation spectrum. A hot band at 13660 cm −1 may be assigned to the second component of
The vibronic intervals occurring in the spectrum consist of several modes that can be presumed to involve primarily ring torsion and angle-bending modes with frequencies in the range 150-264 cm −1 . The band at 424 cm −1 can be assigned to a Cr-N(cyclam) stretching mode.
Excitation Spectrum. The 77 K excitation spectrum is shown in Figure 4 . It was recorded by monitoring a relatively strong vibronic peak in the emission spectrum. The spectrum obtained was independent of the vibronic peak used to monitor it. The peak positions and their assignments are Table 2 . The calculated frequencies in parentheses were obtained by using the vibrational modes ν 1 -ν 5 listed in Table 2 .
Two strong peaks at 13602 and 13672 cm −1 in the excitation spectrum are assigned to the two components (R 1 and R 2 ) of the Figure 5 .
Ligand Field Analysis. The ligand field potential matrix was generated for cis-[Cr(cyclam)(NCS) 2 ] + from the coordinated six nitrogen atoms. The angular positions of ligating six atoms and adjacent two carbons were taken from the Xray crystal structure 10 
of cis-[Cr(cyclam)(NCS) 2 ](ClO 4 )
, which was determined to be monoclinic with the space group P2 1 /c. The coordinates were then rotated so as to maximize the projections of the six-coordinated atoms on the Cartesian axes centered on the chromium. The resulting Cartesian and spherical coordinates are shown in Table 4 . Angular overlap model (AOM) parameters provide more chemical insight than crystal field parameters, and are used to interpret the electronic properties. 25 The π-interaction of the isothiocyanate nitrogen with the metal ion was considered to be anisotropic. The anisotropy of metal-ligand π-interaction can be expressed by e π parameters in two perpendicular directions, denoted e πs and e πc . By rotation of coordinates through the angle ψ , the value of e πc can be set to zero, and the π-interaction of the ligand expressed entirely through e πs . The ligand field analysis was carried out through an optimized fit of experimental to calculated transition energies. Diagonalization of the 120 × 120 secular matrix yields the doublet and quartet energies with the appropriate degeneracies. 27 The method for determining the eigenvalues and eigenfunctions of a d 3 ion in a ligand field from any number of coordinated atoms has been described. 19 The full set of 120 single-term antisymmetrized product wavefunctions was employed as a basis. The Hamiltonian we have used in the calculation was (1) the terms of which represent the interelectronic repulsion, ligand field potential, and spin-orbit coupling, respectively, with the last two representing the Trees correction. 28 The parameters varied during the optimization were the interelectronic repulsion parameters B, C and the Trees correction parameter α T , the spin-orbit coupling parameter ζ, plus the AOM parameters e σ (NCS) and eπ (NCS) for the isothiocyanato nitrogen-chromium, and e σ (N) for the cyclam nitrogen-chromium. The π-interaction of amine nitrogens with sp 3 hybridization in the cyclam was assumed to be negligible. However, it is noteworthy that the peptide nitrogen with sp 2 hybridization has a weak π-donor character. 29 All parameters, except eσ (NCS) and eπ (NCS), were constrained to reasonable limits based on the data from other chromium(III) complexes. The seven parameters were used to fit eleven experimental energies: the five 4
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T1g} components, identified in T2g, 4 T1g} transition energies, respectively. The Powell parallel subspace optimization procedure 30 was used to find the global minimum. The optimization was repeated several times with different sets of starting parameters to verify that the same global minimum was found. The results of the optimization and the parameter set used to generate the best-fit energies are also listed in Table 5 . The fit is good for the sharp line transitions. The error margins reported for the best-fit parameters in Table 5 are based only on the propagation of the assumed uncertainties in the observed peak positions. 31 The quartet terms were given a very low weight to reflect the very large uncertainty in their position.
The following values were finally obtained for the ligand . A ligand field analysis of the sharp-line excitation and broad-band absorption spectra indicates that the isothiocyanato nitrogen has a medium σ-and π-donor properties toward chromium(III) ion. These values for eσ (NCS) and eπ (NCS) parameters can be compared with the values for other coordinated atoms in the chromium (III) complexes. [32] [33] [34] [35] [36] [37] [38] [39] 17 It is safe to conclude that the four nitrogen atoms of the macrocyclic ligand cyclam are a strong σ-donor. The AOM parameters can be used in interpreting the photobehavior of transition metal complexes. 40 The observed 2 Eg splitting, 70 cm −1 in the excitation spectrum can compared with the values [11] [12] [13] [14] [15] [16] [17] [18] of cis-diacidochromium (III) complexes with the cyclam, as seen in Table 3 . An orbital population analysis yields a configuration of (xy) the Racah parameter B is about 64% of the value for a free chromium(III) ion in the gas phase, and it is confirmed that electron repulsions are weaker in the complex than the free ion. The ligand field parameter values reported here appear to be significant, as deduced on the basis of the manifold of sharp-line transitions which were obtained from the well resolved excitation spectrum.
